The antidiabetic drug metformin has been found to have beneficial effects in various neurological disorders; however, the molecular mechanisms underlying these effects remain unclear. Here we report that metformin protects neuronal cells from quinolinic acid (QUIN)-induced excitotoxicity. For this, we pretreated N18D3 neuronal cells with metformin prior to QUIN for 24 h. We found that pretreating the cells with metformin significantly improved cell survival rate in a concentration-dependent manner and reduced apoptotic cell death, as revealed by a MTT assay and DAPI staining, respectively. Calcium imaging using fluo-4 showed that metformin (100 μM) inhibited the intracellular calcium increase that was induced by QUIN. In addition, mRNA expression of pro-apoptotic genes, p21 and Bax, was decreased and of anti-apoptotic genes, Bcl-2 and Bcl-xl, was increased with metformin treatment compared to QUIN-induced cells. The immunoreactivity of phosphorylated ERK1/2 was elevated in cells treated with metformin, indicating the ERK1/2 signaling pathway in the neuroprotective effects of metformin in QUIN-induced cell death. Collectively, our data demonstrates that metformin exerts its neuroprotective effects by inhibiting intracellular calcium increases, allowing it to regulate ERK1/2 signaling and modulate cell survival and death genes.
INTRODUCTION
Quinolinic acid (QUIN) is often implicated in the pathogenesis of several neurological disorders, including Alzheimer's disease, Parkinson's disease, multiple sclerosis, and amyotrophic lateral sclerosis. [1] [2] [3] QUIN is considered as an endogenous neurotoxin because it induces excitotoxicity by activating N-methyl-D-aspartate (NMDA) receptors, increasing neuronal glutamate release, and inhibiting the reuptake of glutamate by astrocytes. 4 NMDA receptors are known to play roles in excitotoxicity, as they can move large quantities of calcium into the cytoplasm. Increasing the intracellular calcium concentration initiates a cascade of apoptosis through caspase cleavages and following increased mitochondrial permeability. 5 In the brain, QUIN is found in activated microglia and brain inflammation increases the QUIN levels in brain tissues and extracellular fluids. 3 Proinflammatory mediators like interferon-γ, beta amyloid (Aβ), tumor necrosis factor α, and platelet activating factors reportedly induce QUIN overproduction within activated microglia. 4 Therefore, QUIN toxicity has been widely used as a model of neurodegenerative disease. [6] [7] [8] Metformin is a most common drug to treat hyperglycemia in patients with type 2 diabetes mellitus. Besides its hypoglycemic action metformin has beneficial effects in various central nervous system disorders. For example, metformin appears to protect the brain against cerebral ischemia, in which excitotoxicity is recognized as the primary mechanism of brain injury; these protective effects of metformin were observed regardless of whether it was applied in the acute stage or as a chronic treatment, likely through the pre-activation of autophagy or the phosphoinositide 3-kinase (PI3K)/c-Jun N-terminal kinase (JNK) [9] [10] [11] Additionally, metformin preconditioning was found to protect neurons in spinal cord injuries by inhibiting apoptosis. 12 In another study, metformin exhibited protective effects against cisplatin-induced neuronal cell death following decreasing cellular calcium levels and inhibiting the process of apoptosis. 13 Metformin has also been found to increase damage to the nigrostriatal pathway in mice, even though it exhibits strong anti-inflammatory properties.
14 Likewise, the effects of metformin in Alzheimer's disease are controversial. Metformin increases Aβ biogenesis 15 ; however, it prevents the Alzheimer's disease pathology by ameliorating neuronal insulin resistance or attenuating long-term potentiation decreases in Aβ-induced toxicity. 16, 17 Given the beneficial and adverse actions of metformin in neurological disorders, we investigated whether metformin protects neuronal cells from QUIN-induced excitotoxicity. In addition, our work revealed how metformin regulates intracellular calcium concentrations and mRNA expression levels of apoptosis-related genes.
MATERIALS AND METHODS

Cell culture and reagents
N18D3 cells were used to perform the QUIN-induced excitotoxicity study as described previously. 6 The cells were cultured in DMEM (Hyclone, Logan, UT, USA) with 10% FBS (Hyclone) and 1% penicillin-streptomycin (Hyclone) in 37°C humidified incubator and grown to 80-90% confluency. We dissolved the QUIN (Sigma Chemical Co., St. Louis, MO, USA) and metformin hydrochloride (Sigma Chemical Co.) in fresh ddH2O and prepared them as stock solutions for use at different final concentrations.
Measurement of cell viability and monitoring of apoptosis
To assess the cell viability in cultured N18D3 neurons, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Chemical Co.) assay was performed in our previously published study. 6 In brief, the cells (8× 10 3 cells/well) were seeded in quadruplicate and then incubated with metformin (1, 10, 25, 50, 100 μM) (Sigma Chemical Co.) for 2 h prior to the addition of QUIN (30 mM). After 24 hours, the cells were exposed to 20 μL of MTT (5 mg/mL) and then incubated for 4 h at 37°C in dark. The formazan precipitate was dissolved in 100 μL of DMSO (Sigma Chemical Co.) and the optical density was measured at 570 nm (Bio-Tek μQuant, ReTiSoft Inc., Ontario, Canada). These experiments were repeated four times independently.
To evaluate the nuclear morphology, DAPI (Sigma Chemical Co.) staining was accomplished according to our previously study's methodology, 6 and then the cell nuclei were observed using a fluorescence microscope (Axio Vert. A1, Carl Zeiss, Germany). The number of apoptotic cells, defined DNA fragmentation, nuclear condensation, and segmentation, were identified in the 400 cells.
Calcium imaging
The concentration of intracellular calcium was measured with a cell-permeable calcium-sensitive fluorescent dye, fluo-4 AM (Thermo Fisher Scientific Inc., Waltham, MA, USA), based on our previous report. 6 The N18D3 cells, which were cultured on cover-slips, were incubated with metformin (10 or 100 μM) for 2 h and then treated with QUIN (30 mM) for 24 h. The cells were loaded with fluo-4 AM (5 μM) in a balanced salt solution (BSS) for 1 h and then washed in BSS to eliminate the extracellular fluo-4 AM. The cover-slip with dye-loaded cells was observed on an inverted confocal microscope (Zeiss LSM 700, Carl Zeiss, Jena, Germany). Intracellular calcium is expressed as the relative fluo-4 AM fluorescence intensities (excited at 460-490 nm; emitted at 515-560 nm), and the intensity changes that occurred over time were monitored every 3 sec. Levels of intracellular calcium are described from eight independent experiments (≥50 cells).
Reverse transcription-polymerase chain reaction (RT-PCR) analysis
Total RNA was isolated following the TriZol based protocol according to the manufacturer's instructions, and cDNA was synthesized using reverse-transcribed system (Takara Bio Inc., Shiga, Japan). The cDNA was amplified by 35 cycles of 94°C for 2 min, appropriate annealing temperatures for each primer for 1 min, and 72°C for 1 min. Selected primers were listed in Table 1 , and the RT-PCR products were observed. Quantitative analysis was performed with the Image J software. The mRNA expression was normalized based on the level of ubiquitously expressed glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Experiments were repeated five times independently.
Western blot assay
The cells were cultured and prepared to perform a western blot assay. The phosphorylated and total forms of the enzymes such as ERK1/2, p38, and JNK were observed via western blot analyses, as described previously. 18 Briefly, the cells were lysed in a lysis buffer and the protein concentration was determined with the Quant-iT TM assay kit (Molecular Probes, Eugene, OR, USA). The protein (15 mg) was loaded into a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK). The membranes were incubated with specific antibodies for ERK1/2, p-ERK1/2, p38, p-p38, JNK, p-JNK, or GAPDH. Antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) and the dilution factor was 1:2000. The signals were detected by enhanced chemiluminescence reagents, and images were detected on ImageQuant LAS4000 (GE Healthcare, Piscataway, NJ, USA). The density was quantified using the Image J software. Experiments were repeated at least three times independently.
Statistics
To analyze the results, SPSS version 23.0 (one-way analysis of variance) was used in this study. All values are presented as the mean±SEM. Statistical significance was set at p＜0.05.
RESULTS
Metformin protects N18D3 neurons from excitotoxicity
To evaluate the neuroprotective effects of metformin pretreatment on excitotoxicity, we performed MTT assay to conduct the cell viability and DAPI staining to detect DNA fragmentation and condensation. The viability of N18D3 neuronal cells was examined after metformin and/or QUIN treatment for 24 h. When cultured cells were exposed to 30 mM QUIN, the cell survival rate was 64.3± 1.12% (#p＜0.05). However, when the neuronal cells were co-incubated with different concentrations (1, 10, 25 , 50, or 100 μM) of metformin prior to QUIN treatment, the percentage of survival cells increased significantly ranging from 64.9±1.21% at 1 μM to 88.9±2.54% (**p＜0.01) at 100 μM in a concentration-dependent manner (Fig. 1A) . We chose 10 μM and 100 μM metformin as representative experimental doses for further study based on MTT results. In parallel, less nuclear condensation and DNA fragmentation, characteristic features of apoptosis, were observed in metformin-pretreated cells while those features were highly increased in QUIN only treated ones (Fig. 1B) . In addition, quantification data exhibited the decreased number of apoptotic cells (Fig. 1C) . These results support the notion that metformin protects QUIN-induced neurotoxicity in N18D3 cells. 
FIG. 2. Changes in intracellular calcium ([Ca
Metformin inhibits the QUIN-induced increase in intracellular calcium
Since the QUIN-induced activation of NMDA receptors causes massive amounts of calcium to enter into neurons, we investigated the changes in intracellular calcium using Fluo-4 based calcium imaging experiments that occur in QUIN-induced excitotoxic neuronal death. As shown in Fig. 2, QUIN (30 mM) elevated the concentration of intracellular calcium in the cells, whereas pretreatment with 100 μM metformin significantly inhibited this rise in intracellular calcium (**p＜0.01 at the peak concentrations). Treatment with 10 μM metformin did not significantly change the intracellular calcium concentrations. These findings indicate that metformin exerts its effects by modulating the changes in intracellular calcium that occur in QUIN-induced excitotoxicity. 
Metformin inhibits the QUIN-induced expression of apoptotic genes
To validate the neuroprotective action of metformin, mRNA analysis was performed using RT-PCR. We previously demonstrated that QUIN regulates mRNA expression through inducing pro-apoptotic genes and reducing anti-apoptotic genes. 6 Here, we studied the action of metformin pretreatment in the expression of the apoptosis-related genes induced by QUIN in N18D3 neurons. We found that QUIN stimulated the expression of pro-apoptotic genes including those for p21 and Bax while pretreatment with metformin (10 or 100 μM) inhibited these gene expression elevations (Fig. 3) . In contrast, QUIN inhibited the anti-apoptotic gene expression, such as Bcl-2 and Bclxl, whereas metformin pretreatment prevented this inhibition. Interestingly, the anti-apoptotic gene expression increased in the metformin 100 μM alone group as compared with the control. These results imply that metformin has protective effects on a variety of apoptosis-related processes.
ERK signal mediated protective effects of metformin in excitotoxicity
To determine the neuroprotective mechanisms of metformin, we investigated the levels of protein, especially mitogen-activated protein (MAP) kinase family, in QUINtreated cells using western blotting. The MAP kinase family regulates diverse biological processes, including cell survival and apoptosis, and is comprised of three subfamilies, namely ERK, JNK, and p-38 MAP kinase. 19, 20 As such, we examined the possible involvement of the ERK, JNK, and p38 MAP kinase pathways in the effect of metfor-min in excitotoxicity. Following the western blot analysis (Fig. 4) , application of QUIN reduced the immunoreactivity of phosphorylated ERK1/2 (p-ERK1/2), whereas metformin pretreatment elevated the immunoreactivity of p-ERK1/2. These findings indicate that the metformin inhibits the QUIN-induced reductions and then elevates the p-ERK1/2 levels.
DISCUSSION
The present study demonstrated that the antidiabetic drug metformin exerted a neuroprotective effect on QUIN-induced excitotoxicity via two distinct mechanisms. First, metformin reduced the amount of intracellular calcium entering the cells during excitotoxic neuronal death. Second, metformin attenuated apoptotic processes, possibly via the ERK1/2 pathway. These results are consistent with other recent reports demonstrating that metformin protected cerebellar granule neurons against glutamate-induced neurotoxicity 21 and protected PC12 cells against H2O2-induced oxidative stress through Akt/mammalian target of rapamycin restoration. 22 In addition, the antidiabetic drug metformin was found to exert protective effects against apoptotic cell death in auditory cell lines. 23, 24 It is known that QUIN stimulates NMDA receptors as well as glutamate and aspartate but remains longer in the synaptic cleft because quinolinate phosphoribosyl transferase, an enzyme that degrades QUIN into NAD＋, is rapidly saturated by its metabolite. Therefore, QUIN can stimulate NMDA receptors longer than can glutamate, subsequently causing extensive neuronal damage through massive calcium influxes. This process, called excitotoxicity, results in neuronal cell death and is implicated in acute central nervous system damage and chronic neurodegenerative diseases. 5, 25, 26 Here, QUIN treatment significantly induced neuronal death and intracellular calcium increases. However, metformin pretreatment improved cell viability and dramatically inhibited the QUIN-induced elevations in the intracellular calcium concentration. These results support that metformin plays a role in limiting the rise in intracellular calcium that occurs during apoptotic processes. Our data are consistent with other studies demonstrating that metformin inhibited the intracellular calcium increases in ethanol-induced apoptotic neurodegeneration and cisplatin-induced ototoxicity. 13, 24 In this study, we determined that metformin suppresses apoptosis, as revealed by the reduced pro-apoptotic gene expression (those for p21 and Bax), elevates anti-apoptotic gene expression (those for Bcl-2 and Bcl-xl), and reduces nuclear condensation and DNA fragmentation. These data agree with the findings of previous studies showing that metformin reduces the ethanol-induced increases in Bax and enhances the decrease in Bcl-2. 24 Metformin also alleviates Aβ-induced apoptosis in hippocampal neurons and inhibits the caspases expression that are activated by doxorubicin in cardiomyocytes. 27 In our results, QUIN reduced immunoreactivity of p-ERK1/2 proteins, whereas metformin pretreatment attenuated these QUIN-induced reductions. Generally, the activation of ERK1/2 is known to inhibit apoptosis and promote cell survival. 20, 28 Previously, it was reported that the ERK acts as a key modulator in the protective action of bis(propyl)-cognitin or interleukin-6 in excitatory amino acid-induced neuronal excitotoxicity. 29, 30 Here, metformin pretreatment elevated not only ERK1/2 protein phosphorylation but also Bcl-2 and Bcl-xl gene expression, which is consistent with previous reports.
Taken together, this study elucidates the molecular mechanisms underlying metformin's protective effects against QUIN-induced neuronal excitotoxicity including reducing intracellular calcium increases, modulating cell survival and death genes, and activating the ERK1/2 signaling pathway. These results imply that metformin regulates the apoptosis-related genes and downstream MAP kinase mechanisms to protect fromcell death and has the potential to serve as a treatment for excitotoxicity-mediated diseases.
